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PREFACE 

This  report  summarizes  cooperative  studies  conducted  over  a  three-year  period 
(1952-1955)  by  the  former  Arctic  Construction  and  Frost  Effects  Laboratory  (ACFEL)  of 
the  U.S.  Army  Engineer  Division,  New  England,  and  Dr.  T.  William  Lambe  of  the  Depart¬ 
ment  of  Civil  Engineering,  Massachusetts  Institute  of  Technology.  Dr.  Lambe’s  services 
were  obtained  under  renewing  contractual  arrangements  (Contracts  DA-19-016-ENG-1979, 
-2328,  -2640,  and  -3213). 

ACFEL  and  the  U.S.  Army  Snow,  Ice  and  Permafrost  Research  Establishment  were 
combined  to  form  the  U.S.  Army  Cold  Regions  Research  and  Engineering  Laboratory 
(USA  CRREL),  Hanover,  New  Hampshire,  in  1961. 

The  study  was  conducted  for  the  Engineering  Division,  Directorate  of  Military 
Construction,  Office,  Chief  of  Engineers,  and  was  administered  by  the  Civil  Engineering 
Brancli  (Mr.  F.B.  Hennion,  Acting  Chief),  in  connection  with  Military  Construction  In¬ 
vestigations,  Engineering  Criteria  and  Investigations  and  Studies;  Studies  of  Construc¬ 
tion  in  Areas  of  Seasonal  Frost.  The  Military  Construction  Investigations  program  is 
now  conducted  for  the  Office  of  Plans,  Research  and  Systems  (OPRS),  Directorate  of 
Military  Construction,  Office,  Chief  of  Engineers. 

Dr.  Lambe  was  responsible  for  planning  the  scope  of  the  investigation  and  assisted 
by  furnishing  the  additives  and  preparing  some  soil  admixtures.  The  freezing  tests  and 
preparation  of  data  were  performed  by  ACFEL  personnel  under  the  immediate  supervision 
of  Chester  W.  Kaplar,  Project  Engineer.  The  study  was  conducted  under  the  general 
direction  of  Mr.  Kenneth  A.  Linell,  Chief,  Experimental  Engineering  Division,  USA 
CRREL  (formerly  Chief,  ACFEL). 

Lt.  Col.  Joseph  F.  Castro  was  Commanding  Officer/Director  of  the  U.S.  Army  Cold 
Regions  Research  and  Engineering  Laboratory  during  the  publication  of  this  report. 

The  contents  of  this  report  are  not  to  be  used  for  advertising,  publication,  or  promo¬ 
tional  purposes.  Citation  of  trade  names  does  not  constitute  an  official  indorsement  or 
approval  of  the  use  of  such  commercial  products. 
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ADDITIVES  FOR  MODIFYING  THE  FROST  SUSCEPTIBILITY  OF  SOILS, 

PARTI 

by 

T.W.  Lam  be  and  C.W.  Kaplar 


INTRODUCTION 


Background 

When  a  moist  soil  is  subjected  to  a  low  enough  temperature  the  water  within  the  soil 
freezes  to  form  ice.  if  the  soil  moisture  is  free  water,  i.e.  water  not  under  significant  attractive 
forces  from  the  soil  particles,  it  freezes  at  the  normal  freezing  temperature  of  OC.  However. 
adsorbed  water,  that  water  under  significant  attractive  forces  from  the  soil  particles,  freezes  at 
temperatures  lower  than  OC.  Accompanying  the  water-to-ice  phase  transformation  is  a  volume  in¬ 
crease  of  approximately  10%.  Upon  freezing,  therefore,  a  saturated  soil  can  increase  in  volume 
by  an  amount  equal  to  10%  of  the  void  volume  present. 

To  the  consternation  of  civil  engineers,  however,  a  phenomenon  occurs  during  freezing  of 
certain  types  of  soils  that  results  in  a  volume  increase  far  in  excess  of  10%.  This  phenomenon  is 
the  migration  of  soil  moisture  to  form  segregated  ice  lenses.  Thus,  freezing  of  a  soil  of  this  type 
can  cause  swelling  or  heaving  many  times  greater  than  the  amount  that  can  be  attributed  to  the 
volumetric  change  of  void  water.  While  much  greatei  heaving  is  likely  to  occur  when  the  freezing 
soil  has  access  to  an  unlimited  source  of  water  nearby,  considerable  heave  can  also  occur  by  a 
redistribution  of  moisture  within  a  closed  system.  In  such  a  system,  the  migrating  moisture  is  re¬ 
placed  by  air,  or  the  soil  consolidates  (soil  mass  is  compressed),  or  both. 

Frost  heaving  in  soil  causes  two  major  engineering  problems.  The  soil  expansion  caused 
by  frost  heave  moves  structures  that  are  in  contact  with  the  soil,  such  as  building  foundations,  re¬ 
taining  walls,  and  pavements.  Loss  of  pavement  supporting  capacity  during  thaw  is  of  great  con¬ 
cern  to  those  responsible  for  design  and  maintenance  of  highways  and  airfields.  Since  the  ground 
thaws  chiefly  from  the  surface  down,  the  meltwater  cannot  easily  drain  downward  because  of  the 
underlying  frozen  soil.  This  meltwater  can  make  the  soil  wet  and  weak.  Many  base  courses  and 
subgrades  lose  most  of  their  strength  during  the  spring  thaw  and  thus  cause  pavement  failure. 

Three  conditions  must  exist  simultaneously  for  frost  heaving  to  occur:  there  must  be  a 
frost-susceptible  soil,  a  prolonged  period  of  freezing  temperature,  and  a  source  of  water.  Since 
surface  soils  freeze  and  thaw  seasonally  in  more  than  half  of  the  Northern  Hemisphere,  frost  action 
is  a  major  concern  of  soil  engineers.  On  many  highway  and  airfield  projects,  the  pavement  design 
is  controlled  by  frost  considerations  (Dept,  of  the  Army,  1965).  In  areas  where  select  granular 
non-frost-susceptible  soils  are  unavailable,  the  construction  of  frost-resistant  base  courses  be¬ 
comes  extremely  expensive. 

Purpose 

These  studies  were  part  of  a  cooperative  program  between  the  Contractor,  Dr.  T.W.  Lanibe, 
and  the  Arctic  Construction  and  Frost  Effects  Laboratory  (ACFEL).  The  program  had  two  major 
aims:  to  determine  if  any  correlation  existed  between  the  ntineralogical  composition  of  the  soil 
fines  and  the  frost  heaving  behavior,  and  to  find  additives  that  would  effectively  reduce  the  frost 
susceptibility  of  soils.  In  this  search  for  frost  heave  modifiers,  attention  has  been  chiefly  con¬ 
centrated  on  finding  or  selecting  additives  that  would  be  effective  in  trace  amounts  (1%  or  less  of 
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dry  soil  weight  )  lot  economic  requirements,  and  which,  by  modifying  tin*  frost  heaving  eliaraeter- 
istu  s  til  siliv  sand  and  gravels  would  mako  these  materials  satisfactory  lor  base  coinse  construe* 
i  ion. 

Scope 

Tins  icport  simmian/es  the  results  of  Hr  first  tliree  years  (1953*1955)  of  a  continuing 
se  anli  for  effective  frost  inhibit  ini'  additives.  The  search  included  extreme  laboratory  testing  of 
the  effectiveness  of  additives  that  theory  and  experience  indicated  might  be  promising  frost  heave 
modifiers.  A  small  scale  field  lest  was  conducted  to  furtlier  evaluate  the  effectiveness  of  one 
additive,  a  dispersant,  that  gave  good  results  in  the  laboratory. 

The  findings  of  tin*  niineralogieal  study  phase  of  the  overall  program  are  summarized  in 
USA  CRRKl.  Technical  Report  207  (I. amir  el  a/..  1969). 


THEORETICAL  CONSIDERATIONS 


General  mechaaians 

It  has  Iren  clearly  and  convincingly  demonstrated  by  Beskow,  Taber  and  Casagrande  that 
the  pieseuce  of  lines  smaller  than  a  certain  critical  size  is  the  major  factor  in  causing  a  soil  to 
be  frost-susceptible.  But  in  addition  to  the  fine  particles,  it  must  be  possible  for  migrating  water 
to  reach  tin*  freezing  front  for  ice  lenses  to  form  and  grow.  One  of  the  most  obvious  methods  of 
making  a  frost -susceptible  soil  non-frost -susceptible  is  to  treat  it  in  such  a  way  as  to  immobilize 
the  soil  moisture  and  prevent  it  from  migrating.  However,  our  inadequate  knowledge  of  soil  mois¬ 
ture  properties  makes  this  solution  difficult.  Certain  types,  shapes  or  quantities  of  particles  can 
hi  propel  combination  make  a  soil  so  impermeable  that  water  cannot  move  rapidly  enough  under 
“normal”  freezing  rates.  A  coarse-grained  soil,  i.e.  a  clean  sand  or  gravel,  does  not  heave  be¬ 
cause  it  lias  few  fines;  nor  dot's  a  highly  plastic  clay  such  as  sodium  montmorillonite  lieave 
appreciably  under  natural  conditions,  for  an  opposite  reason:  too  many  fines.  In  view  of  these 
observations,  panicle  size  appears  lobe  an  important  parameter  in  ice  lens  formation,  but  not  the 
only  parameter.  The  precise  relationships  between  frost  susceptibility  and  other  soil  properties 
(such  as  permeability,  void  ratio,  capillarity,  particle  shape,  mineral  composition  and  specific 
aiea)  are  not  yet  adequately  understood  or  defined. 

Other  ways  of  reducing  frost  heave  are  1)  to  prevent  freezing  of  the  soil  water  and  2) 
to  cement  the  soil  particles  together  with  a  bond  strong  enough  to  resist  the  frost  heaving  force 
that  •••.generated. 

It  is  believed  that  additives  are  available  that  can  accomplish  each  of  the  described  treat¬ 
ments,  e.g.  reduce  migration,  lower  the  freezing  point,  and  cement  particles  together.  Some  of  the 
means  by  which  additives  can  accomplish  these  effects  are  described  below. 

The  legitimate  question  has  been  raised:  "Can  the  results  of  a  laboratory  freezing  test 
accurately  indicate  the  frost  behavior  of  a  soil  in  the  field,  especially  when  the  major  problem  is 
loss  ol  strength  upon  thawing'*"  The  answer  is  thought  to  lie  that  the  rate  of  heave  does  give  an 
indication  of  the  stiength  of  a  thawing  soil.  Tliere  are  necessary  qualifications  to  ties  statement 
of  course.  A  great  deal  depends  upon  the  rate  and  direction  of  thawing  as  well  as  the  diainage 
eharacteiisties  of  a  particular  situation;  besides,  all  soils  are  not  equally  sensitive  to  moisture. 
One  soil  might  heave  a  moderate  amount  but  lose  considerable  strength  upon  rapid  thawing,  another 
might  heave  much  more  and  vet  have  its  strength  diminished  only  slightly  upon  gradual  thawing. 


ADDITIVES  FOR  MODIFYING  THE  FROST  SUSCEPTIBILITY  OF  SOILS 


3 


The  cumulative  effects  of  several  immediately  consecutive  freeze-thaw  cycles  can  be  more  seri¬ 
ous  in  fine-grained  soils  than  in  coarse  soils.  The  problem  of  thaw  weakening  is  of  significant 
importance.  It  is  anticipated  that  investigations  of  the  effects  of  additive  treatment  on  the  strength 
and  other  properties  of  thawing  soil  would  need  to  be  conducted  in  the  laboratory  and  in  the  field 
to  properly  assess  the  overall  worth  of  any  frost  heave  modifier. 

Rimary  functions  of  additives 

Void  filling.  Completely  plugging  the  voids  of  a  soil  with  an  impervious  material  prevents, 
of  course,  the  movement  of  water,  Asphaltic  concrete  and  port  land-cement  concrete,  having  most 
of  their  voids  filled,  are  not  frost  susceptible  even  though  they  may  contain  frost  heave  producing 
fines.  The  prevention  of  frost  heaving  in  soils  by  this  technique  may  be  uneconomical;  the  soil 
in  question  might  more  cheaply  be  replaced  with  a  non-frost-susceptible  gravel  or  crushed  stone. 

Comentation.  Closely  related  to  the  plugging  of  soil  voids  is  the  cementing  of  soil 
particles.  The  non-heaving  characteristic  of  concrete  is  undoubtedly  due  to  cementation  as  well 
as  to  its  low  permeability.  As  with  void-plugging,  the  prevention  of  heaving  by  cementation  can 
be  uneconomical. 

Alteration  of  void-fluid  characteristics.  The  dissolving  of  additives  in  the  soil  water  can 
result  in  a  lowering  of  the  freezing  point  of  soil  moisture.  Sodium  chloride  and  calcium  chloride 
can  reduce  frost  action  by  this  mechanism.  Lowering  the  freezing  point  reduces  the  depth  of  frost 
formation;  it  has  little  or  no  effect  on  the  heave  characteristics  of  freezing  soil  (see,  for  example, 
Yoder,  1955).  An  understanding  of  the  nature  of  the  forces  involved  in  water  migration  to  a  growing 
ice  lens  might  suggest  other  beneficial  treatments  by  altering  tlie  soil  water  properties. 

The  most  serious  drawback  to  successful  salt  treatment  of  soil  water  is  the  impermanence 
of  the  treatment.  A  study  in  Massachusetts  (Pyne,  1955;  see  Yoder,  1955)  showed  the  effectiveness 
of  calcium  chloride  treatment  of  a  subgrade  to  be  about  3  years.  Since  stability  considerations  re¬ 
quire  that  base  course  soils  be  free-draining,  the  void  liquid  in  these  soils  is  probably  soon  leached 
out  by  the  movement  of  ground  water.  The  leaching  of  salts  from  fine-grained  subgrade  soils  can 
take  considerably  more  time. 

Aggregation  of  soil  fines.  As  already  noted,  a  soil  containing  fine  particles  is  likely  to 
be  frost  susceptible  to  some  degree.  Casagrande  (1932)  set  this  as  a  minimum  of  3%  by  weight 
finer  than  0.02  mm  size.  While  soils  have  been  encountered  that  possess  less  than  this  amount 
but  still  are  frost  susceptible,  no  better  criterion,  other  than  one  based  on  laboratory  freezing 
tests,  has  yet  been  found. 

A  frost-susceptible  soil  can  be  made  essentially  non-frost-susceptible  by  removing  the 
fines.  This  principle  has  been  employed  by  the  U.S.  Army  Corps  of  Engineers  on  several  of  their 
major  airfield  construction  projects  in  northern  New  England  where  the  fines  were  washed  out  from 
"dirty"  base  course  materials. 

The  effect  of  fines  in  a  soil  can  be  modified  with  additives  that  cause  small  particles  to 
aggregate  into  larger  units.  Either  conventional  cements  (e.g.  Portland  cement)  or  chemicals  that 
cause  flocculation  by  electrochemical  reactions  can  be  used  in  this  way  to  nullify  the  effect  of 
the  fines.  Michaels  (1952)  hypothesized  on  the  various  means  by  which  aggregants,  especially 
the  synthetic  polymers,  flocculate  soil  fines.  The  polymers  usually  exist  as  long-chain  molecules 
whose  ends  can  attach  themselves  to  the  soil  mineral  surfaces.  The  particles  are  thus  linked  to¬ 
gether  by  the  polymer  chains. 

Synthetic  polymers  have  been  marketed  as  "soil  conditioners”  for  the  improvement  of 
agricultural  properties  of  soil  (primarily  by  increasing  the  porosity  and  permeability).  Even  though 
the  polymers  are  effective  in  trace  quantities,  their  high  unit  cost  (>50C/lb)  has  greatly  hindered 
their  use. 
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Soil  abrogation  can  also  be  obtained  by  polyvalent  cations  such  as  Fe+++  and  Al444. 
These  cations  act  by  shrinking  the  diffuse  double  layers  around  the  soil  colloids  enough  to  permit 
the  interparticle  attractive  forces  to  cause  the  particles  to  cohere.  Another  phenomenon,  ion  fixa¬ 
tion,  conies  into  play  with  certain  ions  to  greatly  increase  their  aggregating  ability.  The  most 
notable  example  is  ferric  iron,  Fe44  4  .  If  Fe444  is  added  to  a  fine-grained  soil,  an  ion  exchange 
reaction  can  occur  where  the  iron  replaces  some  of  the  exchangeable  cations  on  the  soil  particles. 
This  reaction  tends  to  produce  flocculation  because  of  the  reduction  of  the  interparticle  repulsive 
charges  (Michaels  aM  Lamlie,  1953).  If  the  ionically  altered  soil  is  dried,  some  of  the  iron  ions 
link  adjacent  particles  together  with  a  very  strong  bond  that  is  resistant  to  water  attack.  These 
ions  become  "fixed”  and  are  no  longer  exchangeable.  When  the  iron  is  added  to  the  soil  as  a 
chloride  salt  (Fe  Cl,),  the  formation  of  iron  hydroxide  is  possible;  iron  hydroxide  can  be  a  weak 
cement. 

Considerable  study  (e.g.  Lambe  and  Martin,  1954)  has  shown  that  when  natural  clays 
containing  iron  are  dried  they  are  considerably  less  plastic  and  have  only  a  fraction  of  the  fines 
that  would  be  expected  from  their  mineralogical  composition.  For  example,  a  clay  from  Jamaica 
had  60%  by  weight  of  clay  mineral  matter  but  only  20%  by  weight  of  particles  finer  than  0.002  mm. 
The  2.3%  iron  oxide  (FejO, )  the  clay  contained  effectively  made  silt  sizes  out  of  most  of  the  clay 
minerals. 

Alteration  of  water-adsorbing  characteristics  of  soil  fines.  If  the  soil  surface  character¬ 
istics  that  control  the  behavior  of  soil  moisture  films  were  fully  known,  the  characteristics  could 
possibly  be  altered.  Mineral  surfaces  can  be  made  hydrophobic  with  the  proper  additives  in  two 
ways.  1)  the  soil  may  be  treated  with  a  substance  made  up  of  molecules,  one  end  of  whioh  is 
first  preferentially  adsorbed  on  the  mineral  surface  and  then  undergoes  an  irreversible  reaction 
with  the  surface,  while  the  other  end  is  hydrophobic  and  thus  makes  the  mineral  surface  non-wet- 
table  by  water.  2)  The  soil  may  be  treated  with  non-hydratable  cations,  such  as  lead  and  mercury, 
that  are  'V acted  to  the  negatively  charged  soil  particles.  A  soil  can  thereby  be  waterproofed  so 
it  cannot  ue  wetted. 

Dispersion  of  soil  tines.  Just  as  there  are  chemicals  that  can  aggregate  soil  fines,  so 
there  are  other  chemicals  that  can  do  the  reverse,  namely,  disperse  some  of  the  natural  agglomera¬ 
tions  of  soil  fines.  Most  of  these  chemical  dispersants  are  made  up  of  a  polyanionic  group,  e.g. 
phosphate  or  sulfonate,  and  a  monovalent  cation,  usually  sodium.  Some  of  the  anionic  groups  can 
remove  any  polyvalent  cations  by  forming  insoluble  products,  and  others  can  become  attached  to 
the  soil-mineral  surface.  The  sodium  ions'  become  linked  to  the  soil,  replacing  the  removed  poly¬ 
valent  exchangeable  cations. 

Both  the  cation  exchange,  monovalent  or  polyvalent,  and  the  anion  adsorption  expand  the 
diffuse  double  layers  around  the  soil  colloids,  thus  increasing  interparticle  repulsion.  This  in¬ 
crease  of  interparticle  repulsion  tends  to  disperse  the  agglomerations  of  soil  fines.  Particles 
that  do  not  stick  together  can  be  manipulated  into  a  more  orderly  and  denser  structure.  Concomitant 
with  improved  structure  are  higher  density,  lower  permeability,  and  higher  stability  to  water.  These 
and  other  alterations  of  soil  properties  that  can  be  nffected  by  trace  quantities  of  chemical  dis¬ 
persants  have  been  described  by  Lambe  (1954). 

Since  dispersants  can  alter  soil  properties  that  are  related  to  frost  susceptibility,  they 
should  affect  the  frost  susceptibility  of  a  soil.  By  decreasing  the  sizes  of  soil  voids,  dispersants 
are  also  beneficial  in  lowering  the  freezing  temperature  of  soil  moisture. 

The  preceding  theoretical  considerations  guided  the  selection  of  additives  evaluated  as 
frost-heave  modifiers.  Many,  in  fact  most,  of  the  additives  used  perform  more  than  one  of  the  func¬ 
tions  described;  for  example,  to  be  an  effective  dispersant  a  chemical  must  alter  the  characteristics 
of  the  surfaces  of  soil  particles.  While  all  the  additives  should,  under  certain  circumstances,  alter 
the  frost  characteristics  of  soil,  the  efficiency  of  each  must  be  determined  by  actual  freezing  tests. 
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TEST  PROGRAM 


Additives 

Table  I  lists  the  52  additives  evaluated  as  frost-heave  modifiers.  They  are  classified  as 
follows:  1)  void  fillers  and  cementing  agents,  2)  aggregants,  3)  metallic  salts,  4)  waterproof ers, 
and  5)  dispersants.  The  grouping  is  by  primary  function  except  for  the  metallic  salts  which  can 
interact  with  soil  fines  as  aggregants  or  waterproofers. 

Soils 

Table  II  describes  the  25  soils  used  in  the  additive  evaluation  program.  They  range  from 
highly  plastic  clays  to  sandy  gravels  and  represent  a  good  sampling  of  frost-susceptible  soil 
types. 

Test  procedure 

Test  sequence.  The  freezing  test  program  had  three  phases.  The  first,  laboratory  screening, 
was  aimed  at  selecting  promising  frost-heave  modifiers  from  the  many  additives  that  theory  suggested 
might  be  effective.  Miniature  Lucite  molds  3.11  in.  high  and  1.25  in.  in  diameter  were  frozen  in  groups 
of  36  in  a  special  freezing  tray  (Fig.  1)  over  a  short  time  interval.  Most  of  the  freezing  tests  on 
these  miniature  specimens  were  run  on  three  soils,  New  Hampshire  silt,  Fort  Belvoir  sandy  clay, 
and  Boston  blue  clay,  selected  to  give  a  range  of  frost-susceptible  soil  types. 

Promising  additives  were  evaluated  further  using  different  soils  and  a  standard  size  Lucite 
mold,  6.0  in.  high  and  5.91  in.  in  diameter.  The  freezing  cabinets  accommodated  four  of  the  larger 
specimens  at  a  time.  The  larger  size  permitted  the  testing  of  coarser-grained  frost-susceptible 
sands  and  gravels  of  the  type  that  would  be  acceptable  as  base  and  subbase  materials  were  it  not 
for  their  frost-heaving  characteristics. 

The  third  step  in  the  investigation  was  small-scale  field  testing  of  one  promising  additive,  a 
dispersant. 


Figure  1.  Miniature  specimen  freezing  tray. 


Table  1.  Additives  tried  as  frost-heave  modifiers. 
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Table  n  (cont’d). 
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Specimen  preparation.  Untreated  specimens  were  prepared  at  water  contents  approximating 
optimum  for  the  compaction  method  used.  Miniature  specimens  were  compacted  in  three  layers 
witli  60  tamps  per  layer  of  a  40-lb  spring-stressed  tamper.  Standard  specimens  were  compacted 
in  a  variety  of  ways,  depending  upon  the  cohesive  qualities  of  the  soil.  Coarse-grained,  relatively 
colie sionless  soils  were  prepared  using  an  adaptation  of  the  Providence  Vibrated  Test.  Fine¬ 
grained  soils  were  compacted  either  by  static  double-end  compression  or  by  adaptations- ot  tin* 
Modified  AAS110  Test.  The  methods  have  been  described  previously  (ACFKL.  195$). 

The  preparation  of  treated  specimens  depended  upon  the  nature  of  the  additive  lining  evalu¬ 
ated.  In  the  great  majority  of  tests  the  additive  was  added  with  the  molding  water.  Additives 
such  as  Portland  cement  and  asphalt  emulsion  were  pre-mixed  with  the  air-dry  soil.  All  the  minia¬ 
ture  specimen  hatches  and  most  of  the  standard-size  hatches  were  thoroughly  mixed  bv  hand  until 
homogeneous.  Cement -treated  standard-size  soil  hatches  were  blended  with  a  mechanical  mixer. 

The  compaction  techniques  were  the  same  as  those  described  above.  Some  of  the  compacted  speci¬ 
mens.  notably  those  with  portland  cement  and  asphalt  emulsion,  were  cured  prior  to  freezing,  but 
most  were  frozen  without  curing.  Tables  AI-AV  in  tlie  Appendix  present  freezing-test  data  on  all 
specimens  tested  in  FY  1955,  and  show  the  various  methods  used  to  prepare  the  specimens. 

The  specimens  were  saturated  and  placed  in  a  freezing  chamber  with  a  free  water  surface 
maintained  approximately  */,  in.  above  a  porous  stone  at  the  bottom  of  each  specimen.  The  stand¬ 
ard-size  specimens  were  tested  tmder  an  applied  dead  load  of  0.5  psi  to  simulate  field  conditions 
consisting  of  a  6-in.  combined  thickness  of  base  and  pavement.  Thermocouples  were  placed  in 
several  specimens  in  each  freezing  cabinet  to  permit  control  over  t lie  rate  of  freezing.  Granulated 
cork  insulating  material  was  packed  around  the  specimens  for  their  full  height. 

Specimen  freezing.  After  equilibrating  for  1  day,  the  specimens  were  frozen  from  the  top 
down  by  gradually  decreasing  the  air  temperature  above  them  while  maintaining  the  temperature  at 
the  bottom  end  between  35  and  38F.  The  temperature  above  t  Ire  specimens  was  lowered  daily  to 
obtain  approximately  (4  in.  penetration  per  day  of  the  32F  isotherm  into  the  specimen  -  a  rate  of 
penetration  found  conducive  to  severe  ice  segregation  in  the  field.  A  daily  record  was  kept  of  the 
heave  of  each  specimen.  At  the  end  of  the  freezing  period  each  specimen  was  examined  to  ascer¬ 
tain  the  depth  to  which  it  was  frozen.  The  final  water-content  distribution  in  each  specimen  was 
then  determined. 

Evaluation  procedure.  The  average  rate  of  heave,  in  millimeters  per  day,  was  determined 
from  a  portion  of  the  heave  versus  time  plot  in  which  the  slope  was  relatively  constant  and  during 
which  the  penetration  of  the  32F  isotherm  was  relat  vely  linear  and  between  '«  in.  and  H  in.  per 
day.  The  heave  was  averaged  over  a  minimum  of  5  consecutive  days. 

The  method  of  evaluating  frost  susceptibility  in  terms  of  the  average  rate  of  lieave  or  the 
relative  amount  of  heave  with  respect  to  the  original  depth  of  the  frozen  portion  means  that  none 
of  the  beneficial  effects  of  the  additives  can  be  attributed  to  a  lowering  of  the  freezing  point  of 
the  pore  water.  Since  alteration  in  frost  characteristics  is  needed  to  evaluate  an  additive,  the 
average  rate  of  heave  of  a  treated  specimen  was  divider!  by  the  average  rate  of  heave  of  an  un¬ 
treated  specimen  (control).  The  value  obtained  is  termed  heave  ratio  and  is  a  measure  of  heave 
alteration  since  a  ratio  <1  indicates  improvement  and  a  ratio  '1 ,  impairment. 

Studies  made  at  ACFEL  (1950,  1951,  1953)  and  published  by  Linell  and  Kaplar  (1959)  have 
shown  that  frost  heave  varies  with  many  test  conditions,  such  as  molding  moisture,  compacted 
density,  load  pressure  on  sample  and  rate  of  freezing.  In  the  tests  described  here  an  attempt  was 
made  to  control  these  variables  to  permit  the  effects  of  the  additives  to  be  isolated  and  studied. 
Since  either  36  miniature  or  4  standard-size  specimens  were  frozen  in  the  same  cabinet ,  the  rate  of 
frost  penetration  could  actually  be  controlled  at  14  in. /day  in  only  one  specimen.  To  minimize  the 
differences  in  penetration  rates,  all  specimens  in  a  cabinet,  whenever  possible,  were  prepared  from 
the  same  soil.  With  each  group  at  least  one  untreated  specimen  was  frozen. 
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In  l lie  screening  tests  of  the  miniature  specimens,  the  reproducibility  of  results  within  a 
given  tray  of  36  specimens  was  good.  For  example,  one  tray  frozen  had  five  specimens  of  untreated 
Fort  Belvoir  sandy  clay  with  heaves  of  1.46,  1.49,  1.53,  1.59  and  1.84  mm/day.  However,  in 
another  tray,  where  the  freezing. rate  was  controlled  from  thermocouples  in  New  Hampshire  silt,  un¬ 
treated  Fort  Belvoir  sandy  clay  heaved  2.74  inm/day.  When  different  soils  were  frozen  in  the  same 
tray,  at  least  one  control  specimen  was  included  for  each  soil.  The  average  rate  of  heave  of  this 
control  specimen  (or  the  average  of  tlie  average  rates  of  heave  where  more  than  one  control  was 
included)  was  used  to  compute  the  heave  ratios  of  treated  specimens  of  that  soil  in  the  tray. 

Because  of  the  difficulties  of  controlling  the  many  variables,  especially  freezing  rate,  the 
heave  rates  are  probably  no  better  than  t 15%.  Since  the  miniature  specimen  tests  were  only  used 
to  screen  out  the  many  additives  studied,  this  reproducibility  is  acceptable. 

TE8T  RESULTS 


Presentation  of  results 

Data  on  the  preparation  and  freezing  of  specimens  tested  in  FY  1955  are  presented  in  the 
Appendix.  Tables  AI  and  All  contain  data  on  the  laboratory  screening  tests  using  miniature  speci¬ 
mens.  Tables  A1II-AV  contain  data  on  standard-size  specimens. 

Some  typical  data  on  the  daily  heave  and  freezing  temperature  penetration  are  presented 
in  Figure  A2. 

Similar  data  pertaining  to  the  FY  1952-1954  investigations  have  been  presented  in  a  previous 
report  (ACFEL.  1953). 

The  test  data  most  pertinent  to  the  discussions  below  are  summarized  in  Figures  2-7  and 
Tables  III-XII. 

Void  fillers  and  cementing  agents.  This  category  includes  those  additives  whose  primary 
function  is  either  to  plug  (seal)  soil  voids  or  to  cement  soil  particles.  Most  of  them  do  both,  as 
well  as  perform  other  functions  described  previously. 

To  completely  plug  the  voids  in  a  soil  would  require  an  inordinate  amount  of  additive;  for 
example,  the  void  ratios  of  most  of  the  compacted  soil  specimens  varied  from  about  0.5  to  1.  To 
fill  these  voids  would  have  required  a  volume  of  additive  varying  from  0.5  to  1  times  the  volume 
of  soil  grains.  Effective  sealing  may,  in  some  instances,  be  accomplished  at  a  lower  level  of 
treatment  by  plugr  i  ig  only  some  of  the  voids. 

Because  of  the  large  amount  of  pluggers  and  cementers  required,  only  very  cheap  additives 
offer  promise.  Attempts  were  made  to  increase  the  effectiveness  of  cements  with  trace  additives. 
The  water-sensitive  Void  pluggers  were  tried  since  they  can  utilize  void  water  to  help  make  up 
the  volume  needed  to  seal  the  soil  particles. 

A  disadvantage  of  most  sealers  and  cements  is  that  a  reaction  is  required  after  their  addi¬ 
tion  to  the  soil.  e.g.  hydration  of  Portland  cement,  breaking  of  asphalt  emulsion,  and  polymeriza¬ 
tion  of  calcium  acrylate.  The  specimens  containing  these  materials  were,  therefore,  cured  before 
freezing. 

Synthetic  polymer.  Research  at  the  Massachusetts  Institute  of  Technology  (Lamhe,  1951), 
sponsored  by  the  Arctic  Construction  and  Frost  Effects  Laboratory,  indicated  that  the  in  situ 
polymerization  of  monomers,  especially  calcium  acrylate,  changed  soil  properties  significantly 
(Haley,  1953).  Figure  2  shows  that  5%  calcium  acrylate  essentially  prevented  frost  heave  in  Fort 
Belvoir  sandy  clay  and  that  10%  prevented  heave  in  New  Hampshire  silt. 

Acrylate  stabilization  was  developed  for  emergency  military  conditions;  its  cost  is  too 
great  for  large-scale  non-emergency  use  at  other  than  trace-level  treatments. 
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no. 
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TC» 

acrylate 

Oram  size 
mm  •  %  finer 

7. 

heave1 

Avg  rate 
of  heave 
(mrn/dty) 

Weave 
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Dry 
unit 
weight 
(lb/ It') 

Void 

ratio 

Perme¬ 
ability 
k  x  10'* 
(ca/sec) 
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0.02 
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5 
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89 

63 

49 
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39 

17 
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89 
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0 
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39 

17 
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63 
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49 

l.lt 

■sxl 

0.01 

102 

39 

17 

_ 

o.d 

O.lf 

0 

__J 

1.  Based  on  origins!  height  of  fiozen  portion. 

U.  Ratio  of  rste  of  heave  of  treated  specimen  to  that  of  untreated  specimen. 

3.  Teals  made  on  material  passing  the  U.S.  Standard  No.  40  slave. 

4.  first  freezing  cycle. 

5.  Second  freezing  cycle. 


Figure  2.  Effect  of  calcium  acrylate  on  frost  heave.  All  specimens  were  close  to  100%  saturation 

at  start  of  test. 


Resin-type  additives.  Table  III  lists  the  heave  ratios  of  soils  treated  with  each  of  five 
resin-type  additives.  Since  the  four  non-asphalt  additives  contain  anti-stripping  type  components, 
they  do  not  require  the  soil  to  be  predried  as  much  to  get  good  soil/additive  bonding  as  does  as¬ 
phalt.  This  advantage  does  not  show  in  Table  III  since  all  specimens  were  dried  before  and  after 
treatment. 
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Table  III.  Summary:  effect  of  resin-type  additives  on  frost  heave  (miniature  specimens). 


’  Additive 

Heave  ratio * 

Boston 

New  Hampshire 

Fort  Bel  voir 

Massachusetts 

Type 

% 

blue  clay 

silt 

sandy  clay 

clayey  silt 

0.50 

0.89,  0.46 

0.52,  0.82 

0.76.  0.73 

0.98 

Vegetable  pitch  250 

1.00 

0.75,  0.91 

0.72.  1.01 

0.85,  0.55 

1.14 

3.00 

0.67,  1.10 

0.94.  1.27 

0.34.  0.40 

0.60 

0.50 

0.65 

0.92 

Tall  oil  50 

1.00 

I 

1 

0.48 

0.84 

3.00 

| .  ;y  '  _  J 

0.87 

0.66 

0.50 

0.73 

0.78 

Vegetable  residue 

1.00 

0.69 

0.75 

3.00 

0.88 

0.42 

l 

Asphalt 

0.50 

0.54 

0.43 

0.32 

1.00 

0.98 

0.60 

0.34 

(Emulsion,  68°i  solids) 

3.00 

0.43 

0.53 

0.52 

0. 10 

0.59 

1.03 

Polyamide  resin  100 

1.00 

1.78 

0.98 

3.00 

1.84 

1.22 

avg  rate  of  heave  of  treated  soil 

*  Heave  ratio  ~ - . 

avg  rate  of  heave  of  untreated  soil 


Table  IV.  Summary:  effect  of  Portland  cement  on  front  heave  (miniature  specimens). 


Additive 

Heave  ratio 

Boston 

New  Hampshire 

Fort  Belvoir 

Type 

r. 

blue  clay 

silt 

sandy  clay 

1.0 

1.35 

1.74 

mm 

Portland  cement 

2.0 

2.15 

0.63 

3.0 

0.46 

0.45 

Portland  cement 

P.c.  1.0 

P.  0.1 

1.35 

0.59 

0.67 

+  Pozzolith 

8.0 

0.36 

0.2 

0.74 

P.c.  1.0 

D.  21  0.1 

1.41 

0.82 

2.0 

1.08 

0.76 

0.14 

Portland  cement 

1*5 

+  Daxad  21 

3.0 

0.61 

1. 10 

0.2 

5.0 

1.0 


0.59 


0.47 


0.36 
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Table  V.  Summary:  effect  of  aggregants  on  frost  heave  (miniature  specimens). 


Additive 

Weave  ratio* 

Boston 

New  Hampshire 

Fort  Belvoir 

Type 

% 

blue  clay 

silt 

sandy  clay 

0.01 

0.72 

1.01 

0.83 

Ftocgel 

0.05 

1.16 

0.72 

0.61 

0.10 

0.70 

0.44 

0.55 

o.ia 

0.61 

0.48 

0.55 

0.01 

0.93 

0.49 

0.05 

0.88 

0.60 

CRD- 197 

0. 10 

1.32 

1.32.  1.39 

0.58.  0.62 

soil  conditioner 

0.50 

2.27 

2.31 

0.74.  0.50 

1.00 

1.87 

2.91 

0.07 

0.05 

1.71 

7.80 

0.57 

Ouartec 

0.10 

1.36 

2.70 

0.75 

0.50 

1.02 

0.39 

0.61 

1.00 

1. 16 

0.53 

0.20 

0.01 

1.94 

1.35 

0.69 

!  (tritium  #6 

0.05 

1.90 

1.36 

0.59 

0. 10 

1.79 

0.96 

0.54 

soil  conditioner 

0.50 

1.07 

0.11 

0.38 

0.01 

1.82 

0.79 

0.70 

Agriion 

0.05 

2.08 

0.83 

0.69 

0.10 

1.62 

0.82 

0.69 

0.50 

0.80 

0.45 

0.32 

Copolymer  of 

0. 10 

0.71 

0.03 

0.78 

styrene  and 

0.50 

1.43 

0.14 

1.42 

methosulfate 

1.00 

1.79 

0.30 

0.87 

PVA 

0.01 

2.46 

1.08 

0.05 

2.36 

0.98 

0.71 

(Polyvinyl 

0.10 

2.24 

0.93 

0.44 

alcohol) 

0.50 

1. 17 

1.76 

0.57 

1.00 

0.78 

0.50 

*  Heave  ratio  =  (avg  rate  of  heave  of  treated  soil)/{avg  rate  of  heave  of  untreated  soil) . 


The  data  show  neither  general  significant  modification  of  frost  susceptibility  nor  increase 
of  effectiveness  with  increase  in  concentration.  These  results  suggest  that  the  treatment  level 
was  too  low  to  obtain  beneficial  effects  from  plugging  soil  voids. 

Portland  cement  Table  IV,  results  of  tests  on  fine-grained  soils  treated  with  Portland 
cement,  indicates  cement  is  not  a  promising  frost  heave  modifier.  The  data  show  that  more  than  5 % 
cement  is  required  to  reduce  frost  heave  significantly  and  that  cement  plus  a  dispersant  is  more 
effective  than  cement  alone.  However,  a  treatment  of  cement  plus  dispersant  is  not  as  effective 
as  a  treatment  of  dispersant  without  cement.  For  example,  1%  dispersant  (Daxad  21)  reduced 
the  heave  ratio  of  Fort  Belvoir  sandy  clay  to  0.10  (see  Table  IX)  compared  to  0.36  for  the  specimen 
with  1%  Daxad  21  plus  5%  cement  (Table  IV).  The  cement  apparently  had  an  adverse  effect  on 
the  dispersant. 

Limited  tests  run  on  standard-size  specimens  of  a  clayey  gravelly  sand  (Appendix  Table 
AIII)  treated  with  Portland  cement  and  Daxad  21  also  showed  only  modest  improvements 
effected  by  this  type  of  treatment  . 

Aggregants.  Two  aggregant  types  were  studied:  polymers  and  polyvalent  cations.  Tables 
V  and  VI  present  the  results  on  seven  widely  differing  polymeric  aggregants.  From  these  data  the 
following  observations  can  be  made: 
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Table  VI.  Summary:  effect  of  an  agpegant  on  froat  heave  (standard-size  specimens). 


Soil 


Percent 

passing 

0.02  mm 

N  ante 

0.01 

boring  silly 

4.0 

1.56 

6.8 

0.73 

sandy  gravel 

12 

0.69 

New  Hampshire 
clayey  sill 

62-73 

Fort  Belvoir 
sandy  clay 

49 

Heave  ratioky 
"l  concentration*  ot  Agriion 


0.05 

0.10 

0.50 

0.89 

1.11 

0.59 

0.31 

0.53 

0.40 

0. 18 

0.20 

0.92 

1.86 

0.77 

0.53 

0.88 

0.59 

«  •;  based  on  dry  soil  weight. 

t  Heave  ratio  (avg  rate  of  heave  of  treated  soil)/(avg  rate  of  heave  of  untreated  soil) 


Table  VII.  Summary:  effect  of  cations  on  frost  heave  (miniature  specimens). 


Heave  ratio  by  type  ot  cation  tested 

Soil 

Iron 

Iron  ■ 

Lead 

Barium 

Potassium 

Mercury 

FeCI , 

Fe2(S04), 

PbACj 

BaAc2 

KCl 

HgCI, 

Fort  Belvoir 
sandy  clay 

0.29 

0.12 

0.50 

Boston 

1.49 

0.57 

1.56 

1.09 

1.10 

0.70 

tilue  clay 

0.20 

New  Hampshire 
silt 

0.48 

0.37 

0.77 

Fairbanks  silt 

0.88 

0.88 

1.93 

0.65 

Niagara  Falls 
clay 

0.02 

0.65 

1.39 

Portsmouth 

sand 

0.29 

2.56 

3.22 

2.13 

Loring  till 

0.05 

0.44 

1.20 

0.52 

Fargo  clay 

1.05 

0.29 

4.62 

1.35 

WASHO  clav 

0. 12 

1.32 

0.97 

0.62 

1)  The  polymers  are  generally  not  very  effective. 

2)  The  effect  of  concentration  of  polymer  can  be  large  and  unpredictable. 

3)  The  polymers  can  be  detrimental. 

4)  The  effectiveness  of  the  polymers  depends  considerably  on  the  type  of  soil  treated, 

The  unpredictable  behavior  of  polymeric  aggregants,  especially  the  influence  of  aggregant 
concentration,  is  a  discouraging  fact  that  has  been  observed  in  other  studies.  As  a  matter  of  fact, 
who:  applied  in  large  quantities  many  of  these  aggregants  behave  as  dispersants.  Their  modest  ef¬ 
fectiveness.  the  importance  of  their  concentration  and  their  high  cost  combine  to  make  (lie  polymer 
aggregants  unpromising  as  frost  heave  modifiers. 
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Table  VIII.  Summary:  effect  of  waterproofera  on  froet  heave  (mlalature  apecimeoe). 


'  AthUtive 

— -  - 

Heave  ratio 

-  -  - 

.  - 

Boston 

Hew  Hampshire 

Fort  Bel  voir 

Type 

«#• 

o 

blue  day 

silt 

sandy  clay 

0.01 

1.14 

0.85 

0.50 

0.05 

1.00 

0.51 

0.37 

SOM) 

0,10 

0.34,  0.4H 

0.60,  0.41 

0.39,  0.47 

o.r»o 

0.07,  0.00 

0.43 

0,06,  0.20 

1.00 

0.05,  0. 14 

0.27 

0.05,  0.01 

0.01 

0.74 

Sodium  methyl 

0.05 

0.70 

0.78 

0.65 

ethyl  propyl 

0.10 

0,62 

0.66 

0.39 

siliciiiialc* 

0.50 

0. 14 

0.53 

0.12 

1.00 

0.13 

0.23 

0.01 

0.69 

Potassium 

0.05 

0,53 

1.20 

0.73 

phenyl 

0.10 

0.90 

1.58 

0.70 

siliconate 

0.50 

0.37 

0.45 

0,60 

1.00 

0.25 

0.76 

0.10 

1.02 

0.43 

0.74 

Triton  K-60 

0.50 

1.36 

0.55 

0.53  1 

1.00 

1.19 

0.29 

0.71 

0.01 

0.85 

0.51 

0.61 

0.05 

0.81 

Volan 

0.10 

0.68,  0.70 

0.31,  1.73 

0.27,  0.66 

0.50 

0.00,  0.41 

0.21 

0.24,  0.23 

1.00 

0.20,  0.09 

0.17 

0.11,  0.10 

Table  VII  presents  the  effects  of  six  polyvalent  cations  on  the  frost  heave  of  nine  soils. 

Lead  and  mercury  ions  were  experimented  with,  not  so  much  as  aggregants  but  as  waterproofers 
since  they  are  non-hydratahle  ions.  No  treatment  levels  are  given  in  Table  VII;  enough  of  each 
salt  was  added  to  saturate  the  ion-exchange  capacity  of  the  soil  with  the  salt’s  cations.  Since 
all  of  the  soils  listed  in  Table  VII  have  low  exchange  capacities,  the  required  treatments  were  low. 
always  less  than  0.5%.  After  treatment  the  soils  were  washed  and  dried. 

Some  reaction  in  addition  to  ion  exchange  and  ion  fixation  took  place  since  ferric  sulfate 
was  inferior  to  ferric  chloride.  The  reasons  for  this  difference  were  suggested  earlier  under 
Theoretical  Considerations  where  it  was  noted  that  ferric  hydroxide,  a  potential  cement  agent, 
could  be  formed  from  ferric  chloride.  In  future  tests  on  cations,  consideration  should  be  given  the 
accompanying  anions  and  the  amount  of  salt  used. 

The  main  disadvantage  to  the  use  of  cations,  such  as  ferric  iron,  is  the  probable  need  for  dry¬ 
ing  the  treated  soil.  The  importance  of  drying  will  be  investigated.  Certainly  the  results  on  half  of 
the  soils  treated  with  ferric  chloride  are  most  encouraging.  Other  studies  (Massachusetts  Institute 
of  Technology  Soil  Stabilization  Laboratory)  have  demonstrated  the  additional  encouraging  fact  that 
ferric  chloride  has  a  beneficial  effect  on  the  strength  characteristics  of  soil. 

Waterproofers.  Table  VIII  presents  the  results  of  tests  to  evaluate  18  waterproofers  as  frost- 
heave  modifiers.  All  soils  were  dried  after  treatment  and,  in  some  instances,  were  dried  before 
the  chemical  was  added.  These  necessary  preparations  and  cure  conditions  are,  of  course,  an  un¬ 
desirable  feature  of  waterproofers. 

The  results  in  Table  VIII  show  that  the  effects  varied  from  very  beneficial  to  detrimental, 
with  the  majority  being  beneficial.  As  with  polymeric  aggregants,  the  effects  of  the  waterproofers 
are  not  predictable,  e.g.  Primene  81-R  was  beneficial  with  New  Hampshire  silt  but 
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Table  Vlll  (cont'd).  Summary:  effect  of  waterproofers  on  boat  heave  (miniature  specimens). 


A  dill  five 

Heave  ratio* 

Boston 

New  Hampshire 

Fort  Belvotr 

Type 

o* 

D 

blue  clay 

silt 

sandy  clay 

0.01 

1.30 

0.55 

0.05 

0.80 

Quilon 

0.10 

0.97,  0.99 

0.33,  1.37 

0.40,  0.68 

0,50 

0.56,  0.97 

0.48 

0.38,  0.36 

1.00 

0.86 

0.02,  1.07 

0. 18,  0. 15 

1  '  *  I  ■  i; 

1.19 

0.69 

0.92 

1 

1.54 

0.41 

0.42 

■WEM 

1.48 

0.36 

0.10 

1.24 

0.92 

0.59 

Hyunune  £389 

0.50 

1.40 

0.39 

0.41 

1.00 

1.44 

0.28 

0.42 

Triethylene 

0. 10 

1. 10 

0.64 

0.50 

1.36 

0.28 

tetramine 

1.00 

1.23 

0.20 

mmsm 

0.01 

0.70 

Hexamethylene 

diamine 

0.05 

0.10 

1.18 

0.99 

0.02,  1.21 

0.49,  1.12 

0.50 

2.38 

0.36 

0.38,  0.77 

1.00 

2.33 

0.33 

0.16,  0.51 

0.05 

0.57 

Di-N-Butylamine 

0. 10 

2. 14 

0.78 

0.44 

0.50 

0.71 

0.45 

1.00 

0.80 

0.39 

0. 12,  0.25 

0.01 

1.20 

0.05 

0.72 

Primene  81-R 

0. 10 

2.51 

0.84,  0.39 

1.55 

0.60 

3.54 

0. 19,  0. 16.  0.63 

1.15 

1.00 

3.91 

0. 15,  0.20 

1.32 

0.01 

- 

0.55 

0.06 

1.00 

Carbowai  Peg  £00 

0. 10 

1.59 

0.55 

0.78,  0.92 

0.50 

0.70 

0.32 

0.18,  0.21 

1.00 

0.63 

0.37 

0.31 

0.01 

0.57 

elm 

0.62 

Carbowax  Peg  6000 

..  BE Mi 

1.34,  0.95 

0.49 

0.50 

1.23,  0.90 

0.53 

0.28 

1.00 

0.31,  0.40 

0.21 

0.39 

Arquad  2  HT 

0.10 

2.46 

0.84 

1.06 

Armeen  18D 

0. 10 

2.53 

1.10 

1.25 

Diethanol  Rosin 

0. 10 

■ 

Amine  D 

Acetate 

Monoethanol 

0.10 

0.75 

Rosin  Amine  D 

1.44 

Acetate 

■ 

2.80 

Heave  ratio  (avg  rate  of  heave  of  treated  soil)/(avg  rate  of  heave  of  untreated  soil), 
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detrimental  with  Boston  blue  clay.  As  would  be  expected,  the  more  waterproofer  used,  the  better 
the  results;  generally,  marked  benefits  were  obtained  only  with  treatments  of  0,5%  and  more. 

The  high  cost  of  waterproofers  and  the  need  to  dry  the  treated  soils  dim  the  prospects  of 
these  materials  as  frost  heave  modifiers,  even  though  they  can  be  extremely  effective.  However, 
they  might  have  limited  uses  in  practice. 

Dispersants.  Tables  IX  and  X,  the  results  of  freezing  tests  on  miniature  and  standard-size 
specimens  treated  with  various  dispersants,  indicate  that  dispersants  can  be  very  effective  as 
frost  heave  modifiers.  The  data  show  several  important  and  favorable  facts: 

1)  The  great  majority  of  dispersants  were  effective  at'  and  above  treatment  levels  as  low  as 

0.1%. 

2)  In  general,  the  higher  the  treatment  level  the  better  the  results,  but  improvement  past 
0.5%  was  slight. 

3)  The  three  polyphosphate  dispersants  appear  to  be  the  most  efficacious  frost  heave 
modifiers. 

Figure  3  is  a  plot  of  heave  ratio  and  additive  concentration  for  the  three  polyphosphates 
tested.  The  sample  molding  conditions  were  intentionally  varied  for  these  tests  from  very  dry  to 
very  wet  as  compared  with  optimum  moisture.  No  trend  of  effectiveness  varying  with  molding  mois¬ 
ture  could  be  detected;  in  fact,  Figure  3  shows  little  variation  in  heave  at  any  given  additive  con¬ 
centration. 

Dispersants  are  particularly  promising  as  soil  additives  since  they  are  effective  in  low  con¬ 
centrations,  are  relatively  cheap,  have  beneficial  effects  on  other  soil  properties  (Lambe,  1954), 
are  comparatively  easy  to  incorporate,  react  instantaneously,  and  require  no  pre-  or  post-treatment 
curing  (Linell  and  Kaplar,  1959).  Because  of  the  favorable  results  (Tables  IX,  X)  further  tests, 
described  below,  were  conducted. 

A  great  many  of  the  granular  soils  are  unacceptable  for  fill  material  in  the  frost  zone,  not 
because  of  their  strength  characteristics  under  “normal”  conditions,  but  because  of  their  frost 
behavior.  Even  though  a  frost-susceptible  sand  or  gravel  (“dirty  gravel”)  may  have  a  very  high 


AOOITIVE  IN  %  SOIL  DRY  WEIGHT 


Figure  3.  Effect  of  three  polyphosphate  dispersants  on  frost  heave  of  miniature  specimens. 
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Table  IX.  Summary:  effect  of  dispersants  on  frost  heave  (miniature  specimens). 


Ailthtive 

Heave  ratio*  j 

Boston 

New  Hampshire 

Fort  Bel  voir 

Type 

°‘0 

blue  clay 

silt 

sandy  clay 

0.01 

1.77 

0.79 

0.65 

o.or> 

2. 10 

0.60 

0.77 

0.10 

1.42,  0.69 

0.44,  1.09 

0.53,  0.57 

Quadratos 

1.22.  1.07 

0.26,  1.17 

0.84,  0.62 

(Sodium 

1.43,  0.80 

0.68,  0.85 

0.83,  0.53 

tetraphosphale) 

0.50 

0.67,  0.66 

0.54,  0.32 

0.11,  0.18 

0.10,  0.51 

0.39,  0.64 

0.08,  0.26 

0.49,  0.21 

0.31,  0.36 

0.18,  0.22 

1.00 

0.40 

0.36 

0.06 

0.01 

1.36 

1.64 

0.82 

Sodium  hexamela- 

0.05 

1.50 

0.72 

0.96 

phosphate 

0. 10 

1.37 

0.50 

0.70 

0.50 

0.37 

0.58 

0.42 

1.00 

0.25 

0.29 

0.06 

Sodium  tn- 

0.10 

1.20 

0.63 

0.51 

polyphosphate 

0.50 

1.00  ' 

0.47 

0.32 

0.48 

0.46 

0.09 

0.00 

0.05 

1.30 

0.94 

0.72 

Versenate  chelate 

0.10 

1.06 

0.89 

0.18 

0.50 

0.71 

0.79 

0.49 

0.01 

1.73 

1.00 

0.71 

0.05 

1.75 

0.99 

0.53 

Tansil  731 

0. 10 

1.45 

0.55 

0.39 

0.50 

0.48 

0.45 

0.11 

1.00 

0.39 

0.38 

0.00 

0.01 

1.11 

0.69 

0.05 

0.83 

0.68 

Daxad  11 

0.10 

0.74 

0.62 

0.50 

0.15 

0.20 

1.00 

0.33 

0.05,  0.09 

0.01 

1.69 

0.05 

1.51,  1.00 

3.38 

0.71 

Daxad  21 

0. 10 

1.63,  0.82 

0.85 

0.62 

0.50 

0,97,  1.05 

0.91 

0.31 

1.00 

0,68,  0.92 

0.41 

0. 10 

0.05 

1.63 

0.50 

0.81 

Marasperse  N 

0.10 

1.15 

0.54 

0.31 

0.50 

1.41 

0.42 

0.08 

0.05 

1.70 

0.52 

0.39 

Marasperse  C 

0.10 

2.17 

3.12 

0.67 

0.50 

1.31 

0.28 

1.07 

0.05 

0.91 

0.98 

0.73 

LiKnosol 

0.10 

0.71 

1.18 

0.42 

0.50 

0.45 

1.55 

0. 18 

1.00 

0.57 

0.57 

0.18 

*  Heave  ratio--  (a rate  of  heave  of  treated  soil).'(avg  rate  of  heave  of  untreated  soil). 


California  Bearing  Ratio  value  after  soaking,  it  should  not  he  used  as  a  pavement  base  or  founda¬ 
tion  fill  in  the  freezing  zone  because  of  frost  heaving  and  resultant  weakening.  A  treatment  that 
could  make  these  otherwise  excellent  materials  non-frost-susceptible  would  la;  most  useful. 

To  test  t lie  effectiveness  of  a  chemical  dispersant  as  a  modifier  of  the  frost  heave  of  dirty 
gravels,  11  silty  sands  and  gravels  were  treated  with  0.3%  tetrasodium  pyrophosphate  (TSPP)  and 
subjected  to  controlled  laboratory  freezing  tests.  The  results  of  these  tests  are  presented  in  detail 
in  Table  AIV,  summarized  in  Table  XI,  and  plotted  in  Figure  4.  The  results  show  t hat  the  TSPP 

AVERAGE  HEAVE  RATE.mm/doy 


FROST  SUSCEPTIBILITY  CLASSIFICATION 
(U  S  Army  Corps  of  Engmttrt) 

Figure  4.  Freezing  test  on  dirty  gravels.  6  in.  dinm  x  6  in.  long  cylin¬ 
drical  specimens  (open  system). 
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Data  from  Table  AIV 
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reduced  the  rate  of  frost  heave  in  all  11  soils.  The  minimum  reduction  was  to  0.5  of  the  untreated 
value,  the  maximum  to  essentially  zero,  and  the  average  reduction  was  to  0.2  of  the  untreated 
value.  Figure  4  shows  that  8  of  the  11  soils  were  made  to  fall  within  the  Corps  of  Engineers  Frost 
Susceptibility  Classification  of  Negligible,  while  the  other  3  were  in  the  categories  Low  or  Very 
low. 

In  Figure  4  the  results  of  freezing  tests  were  plotted  as  a  function  of  “%  finer  than  0.02  mm" 
to  see  if  the  effectiveness  of  the  dispersant  was  a  function  of  fines  content.  The  main  relationship 
apparent  is  that  the  greater  the  rate  of  heave  of  the  natural  soil,  the  greater  the  reduction  caused 
bv  the  dispersant;  no  relation  between  fines  content  and  chemical  performance  is  apparent. 
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Figure  5.  Freeze-thaw  cycles  on  dirty  gravels. 
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I  lit*  reason  why  dispersion  is  so  effective  in  dirty  gravels  is  not  known,  but  it  may  tie  the 
lollowing:  Since  the  overall  structure  of  these  soils  is  controlled  by  the  gravel-size  particles, 
dispel sion  has  little  effect  on  the  overall  density  (this  fact  can  be  observed  from  a  comparison  of 
the  densities  of  untreated  and  treated  samples.  Table  XI).  Disaggregating  the  fines  permits  them 
to  pack  into  a  smaller  space,  thereby  making  the  voids  among  pavel  particles  larger.  In  fact,  the 
dispei sed  fines  can  be  moved  by  pore  water.  Tests  which  have  shown  that  dispersants  can  in¬ 
crease  the  permeability  of  dirty  gravels  support  the  hypothesis  of  "cleaning”  the  soil. 

f  or  an  additive  to  lie  of  practical  value,  it  must,  in  addition  to  being  an  effective  frost-heave 
modifier,  liave  reasonable  permanence.  As  previously  mentioned,  the  temporary  effectiveness  of 
salt  in  reducing  the  freezing  point  of  soil  void  water  is,  for  example,  a  major  drawback.  How  per¬ 
manent  then  are  the  other  treatments,  especially  the  very  promising  dispersant  treatments  de- 
scrilied  here? 

Theoretical  considerations  suggest  that  when  dispersants  alter  the  structure  of  the  entire 
soil  mass,  cycles  of  freezing  and  thawing  may  undo  some  of  the  improvements  in  structure.  The 
effectiveness  of  a  dispersant  on  a  clay  may  well  lx*  gradually  decreased  over  a  number  of  years. 

On  the  other  hand,  where  the  structure  benefits  are  limited  to  a  small  proportion  of  the  particles, 
free/e-thaw  cycles  proliablv  have  little,  if  any.  influence. 

A  series  of  tests  was  conducted  on  standard-size  specimens  of  four  treated  dirty  gravels  to 
ascertain  the  effect  of  freeze-thaw  cycles.  The  results,  presented  in  Table  AV  and  summarized 
in  Figure  5,  show  no  loss  of  dispersant  effectiveness  during  lour  cycles  of  freeze-thaw  (i.e.,  the 
tint  at  ion  of  the  tests).  Figure  5  also  illustrates  the  pronounced  reduction  of  frost  susceptibility 
that  can  be  obtained  from  dispersants. 

The  indicated  permanence  of  dispersant  treatment  (Fig.  5)  is  substantiated  by  the  results 
obtained  in  the  field  test  described  below. 

Field  test:  Effect  of  a  dispersant  on  frost  heave 

To  see  if  the  laboratory  tests  were  indeed  indicative  of  field  conditions,  a  small-scale  field 
test  was  conducted  at  Luring  Air  Force  Base,  Limestone,  Maine.  Three  test  sections,  4  ft  x  4  ft 
■  l  ft  deep,  we^e  prepared  at  a  site  where  the  water  table  was  about  20  ft  below  ground  surface. 
One  section  was  of  undisturbed  soil;  another  of  soil  which  had  been  remolded  but  given  no  chemi¬ 
cal  treatment;  and  a  third  section  of  soil  which  was  hand-mixed  with  0.3%  sodium  tetraphosphate 
(Quadrates,  a  dispersant).  The  soil  was  a  clayey  sandy  gravel  (i.e.  glacial  till)  with  a  liquid  limit 
of  21”,  a  plasticity  index  of  6%,  and  about  30%,  by  weight,  of  its  particles  finer  than  0.02  mm. 
Lalxiratory  tests  (Table  A1V)  showed  that  the  0.3%  treatment  resulted  in  a  heave  ratio  of  0.16  as¬ 
sociated  with  a  reduction  in  the  average  rate  of  heave  from  3.2  to  0.5  mm  per  day. 

The  sections  were  prepared  on  8  December  1953.  During  two  frost-melting  periods,  the 
frost  lines,  as  located  in  test  pits,  were  as  follows: 

Penetration  of  32F  isotherm  (in  inches) 

Undisturbed  Remolded  Chemically 

Dale  untreated  section  untreated  section  treated  section 


16-19  March  1954  3  4  4 

2-4  April  1955  20  12  17 

The  greater  penetrtHoit  of  the  32F  Hwtbetni  tfi  the  chemically  treated  section  (17  in.;  as 
compared  to  the  remolded,  untreated  section  (12  in.)  for  the  winter  period  ending  in  April  1955  is 
attributed  to  the  lesser  quantity  of  latent  heat  released  because  of  reduced  heaving  and  thus  a 
slightly  greater  penetration.  Also  a  soil  of  greater  density  possesses  a  higher  thermal  conductivity 
which  may  account  lor  some  of  the  difference  observe, I 


WEAVE  S  FEET  WEAVE  i*  FEE  T 
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Some  of  the  results  are  shown  in  Figures  6  and  7.  Figure  6  presents  ground  surface  eleva¬ 
tion  as  a  function  of  time;  it  shows  the  following:  * 


Heave  (in  feet) 


Undisturbed 

Remolded 

Chemically 

Date 

untreated  section 

untreated  section 

treated  section 

19  March  1954 

0.28 

0.35 

0.14 

5  April  1954 

0.39 

0.47 

0.18 

2  April  1955 

0.50 

0.56 

0.28 

In  comparison  with  either  of  the  untreated  sections,  the  dispersant  caused  a  significant  reduction 
in  heave.  Most  important  is  the  fact  that  the  dispersant  was  effective  the  second  year.  i.e.  during 
the  second  freeze-thaw  cycle.  The  heave  ratios  in  the  field  test,  approximately  0.5,  compare  well 
with  the  heave  ratio  from  the  laboratory  tests,  0.2,  when  the  conditions  at  the  test  site  are  con¬ 
sidered,  as  follows: 

An  explanation  ol  why  the  results  of  chemical  treatment  did  not  show  up  Iretter  in  the  field 
test  is  furnished  by  Figure  7.  This  figure  shows  two  things.  1)  the  treated  and  untreated  (re¬ 
molded)  soil  sections  were  placed  at  very  low  dry  unit  weights  of  100  and  92  lh/cu  ft,  respectively, 
caused  by  rain  during  construction  (the  Corps  of  Engineers  Modified  AASHO  Density  Test* 


*  Corps  ot  Kngineeis  Modified  AASIIO  Density  Test  is  made  liy  compacting  soil  in  u  G-iii.-diam  ivhndei, 
cu  ft  in  volume,  using  live  layers,  10-11*  tamper  and  18-in.  diop.  r,r*  Glows  pci  laver. 
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FIELD  DRY  UNIT  WEIGHT,  pcf.  FIELD  WATER  CONTENT, %  FIELD  WATER  CONTENT, % 

(Total  Samplo)  (Minut  I  meh  Fraction) 


Figure  7.  Sodium  tetraphosphate  admixture  test  section  -  density  and  water  content  vs  depth. 

maximum  is  137  lb/cu  ft);  and  2)  most  of  the  dry  unit  weight  loss  and  moisture  increase  in  the 
treated  section  occurred  below  the  treated  zone.  In  other  words,  a  large  percentage  of  the  heave 
in  the  treated  section  occurred  in  the  untreated  soil  underlying  the  treated  soil.  In  fact,  most  of 
the  1955  heave  in  the  treated  section  came  from  the  untreated  soil.  Figure  7  shows  that  the  dry 
unit  weight  loss  during  the  1955  thaw  for  the  treated  section  was  22  lb/cu  ft  or  22%  for  the  top  6  in. 
of  treated  soil  while  for  the  underlying  untreated  6  in.  of  soil  in  the  frost  zone  the  dry  unit  weight 
loss  was  40  lb/cu  ft. 

This  limited  field  test  produced  these  encouraging  results; 

1)  The  laboratory  test  was  indicative  of  field  performance. 
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Table  XII.  Overall  evaluation  of  additives  as  frost  heave  modifiers. 


Addluve 

Cffec  fivMeaa* 
aa  indicated  by 
laboratory  teat 

Requirements  tor 
aoU-addltive  reaction 

Required 

additive 

concentration 

Additive  cost 
per  pound 

Effect  on  noil  properties 
other  than  front  actios 

Field  use 

Coaimrnfs 

Evaluation •  as 
troat  heave 
modifier 

Vitf  rnima  aed  cmM 

s.  In  *ifu  poly  men  cat  ion 
(Calcium  acrylate) 

Eicellent 

Polymer  nation  marked 
funciion  at  temperature 

si 

•50( 

Beneficial  increase  in 
strength  and  density, 
decrease  in  permeability 

Difficult  to  rontrol 
polymer  list  ion 

Intended  for 
emergency  use 

Poor 

b.  Reams  and  asphalt 

Promising 

Drying  after  treatment  -  aom» 
require  soil  be  pre-dned 

It 

1  to  15* 

Beneficial 

Other  than  cure  require¬ 
ments.  no  special 
problems 

Promising 

r.  Portland  cement 

Promising  (with 
additives  to  cement) 

Ctse  period  for  cement  hy¬ 
dration 

41 

1  to  2C  (cement  1 

6  to  12f  (additives) 

Beneficial 

No  spec  Ml  proMtm* 

Slightly  promis¬ 
ing 

a.  Polymers 

Poor  to  slightly 

promising 

None 

«  11 

12*  tofl.00 

Beneficial 

Moderate  mmng  and 
processing  problems 
esperled 

1®*:%  tz  j  Sy 

Poor  to  slightly 
promising 

b.  Cat  lona 

Eicellent 

None  for  some,  drying  after 
treatment  for  othara 

<0  51 

2*  and  up 

Beneficial 

No  special  problems 
eipected 

Very  promising 

Dtapmuia 

Earellant 

None 

<11 

5*  toll, 00 

Benefit  tel 

No  spec  ml  problems 

Very  promising 

Vetsrpraefera 

Eicellent 

Drying  after  treatment 

<0  51 

254  to  12.00 

Beneficial 

Probable  need  for  high 
degree  of  drying 

Promising 

•  Adjective  rating  scale  poor,  slightly  promising,  promising,  very  promising,  einellent. 


2.  The  chemical  dispersant  was  effective  in  reducing  frost  heave,  density  loss  and  moisture 
gain  in  the  frost  zone. 

3.  The  effectiveness  of  the  chemical  was  not  impaired  by  a  freeze-thaw  cycle. 

In  future  field  tests,  a  site  with  a  higher  water  table  should  be  selected  and  the  treatment 
should  be  extended  below  the  frost  zone. 


8UMMARY  AND  CONCLUSIONS 


Summary 

This  report  describes  a  search  for  additives  to  reduce  the  frost  susceptibility  of  soil;  the 
3-year  search  involved  over  1000  freezing  tests  using  25  soils  and  52  additives.  The  additives 
tried  were  chosen  because  of  various  theoretical  reasons  why  each  might  reduce  the  moisture  mi¬ 
gration  necessary  for  ice-lens  formation.  The  additives  were  divided  into  four  groups  according  to 
their  action  in  soil:  1)  void  fillers  and  cements,  2)  aggregants,  3)  waterproofers,  and  4)  dispers¬ 
ants. 

Conclusioni 

Table  XII  gives  an  overall  evaluation  of  the  additives  studied.  This  evaluation  considers 
their  effectiveness  as  frost  heave  modifiers  as  indicated  by  the  freezing  tests  described  here, 
their  cost,  and  the  ease  with  which  they  can  be  used  in  the  field.  Any  evaluation  of  the  additives 
must  consider  the  last  two  practical  items,  even  though  the  tests  reported  primarily  measured 
their  effectiveness  as  frost  heave  modifiers.  The  evaluation  in  Table  XII  is  based  on  judgment  as 
well  as  on  quantitative  test  results. 

The  salts  of  polyvalent  cations  -  especially  ferric  chloride  -  and  the  dispersants  appear 
to  be  very  promising  as  additives  for  reducing  the  frost  susceptibility  of  soil  at  low  cost.  Some 
ofthe  resins  and  waterproofers  show  enough  promise  to  warrant  further  laboratory  testing. 
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A  small-scale  field  test  showed  a  laboratory-proved  dispersant  to  be  effective  under  field 
conditions;  measurements  made  during  the  second  freezing  cycle  showed  no  reduction  in  the 
potency  of  the  dispersant  treatment.  Four  freeze-thaw  cycles  on  four  dispersant-treated  soils 
tested  in  the  laboratory  also  had  no  adverse  effects. 

While  the  primary  objective  of  the  test  program  was  to  screen  additives,  enough  different 
soils  were  used  to  permit  some  important,  if  tentative,  observations  concerning  effect  of  soil 
type.  Well-graded  soils  with  some  coarse  particles  -  gravel  or  large  sand  size  -  respond  to 
treatment  best.  Uniform  silts  and  moderately  plastic  clays  are  the  least  responsive.  The  most 
promising  use  of  additives  is  in  treatment  of  well-graded  soils  with  coarse  particles  whose  mass 
structure  is  determined  by  the  large  particles.  Such  dirty  gravels,  sandy  clays,  and  silty  sands 
can  often  be  made  essentially  non-frost-heaving  with  additives  at  an  additive  cost  of  about 
SI. 00  cu  yd  of  soil  treated.  The  overall  cost  of  treatment  would  depend,  of  course,  on  such  fac¬ 
tors  as  the  type  and  condition  of  the  particular  soil  to  be  treated.  Additives  could  possibly  be 
incorporated  with  base  and  subbase  soils  with  little  difficulty  since  those  soils  are  usually  ob¬ 
tained  from  twrrow  areas,  placed  in  layers,  and  worked  before  compaction.  The  soils  could  there¬ 
fore  be  treated  with  little  additional  processing. 

More  field  testing  is  required  before  the  dispersants  and  other  additives  can  be  completely 
evaluated.  Further,  even  though  the  dispersants  appear  to  be  effective  in  many  frost-susceptible 
soils,  the  characteristics  of  treated  specimens  of  the  soil  in  question  should  be  checked  by  lab¬ 
oratory  freezing  tests  before  dispersants  are  used  in  tlie  field. 


RECOMMENDATIONS 

The  theoretical  and  experimental  studies  summarized  in  this  report  have  produced  results 
which  warrant  a  continued  program  of  research.  The  following  program  is  therefore  recommended. 

Laboratory  investigation 

Laboratory  evaluation  of  promising  additives  should  be  continued.  The  tests  described  in 
this  report  have  shown  that  a  number  of  additives,  especially  dispersants  and  polyvalent  cation 
salts,  merit  firther  laboratory  evaluation.  In  addition,  experiments  should  be  continued  with  thus 
far  untried  additives  which  have  been  suggested  by  results  on  related  chemicals.  Tests  to  deter¬ 
mine  the  effect  of  different  cure  conditions  should  also  be  performed.  The  program  should  include 
further  tests  on  soils  treated  with  Portland  cement,  lime,  and  asphalt  in  order  to  permit  a  compari¬ 
son  of  the  effectiveness  of  any  newly  discovered  frost-heave  modifiers  with  conventional  soil 
stabilizers. 

It  is  also  recommended  that  laboratory  evaluation  be  made  of  the  permanence  of  effectiveness 
of  such  promising  additives  as  the  dispersants  and  polyvalent  cation  salts  in  the  face  of  water  and 
bacterial  attack. 

Field  test 

Materials  Which  laboratory  testing  shows  to  be  effective  should  be  field-tested.  It  is  recom¬ 
mended  that  a  small  field  test  section  using  a  frost-susceptible  dirty  gravel  treated  with  a  polyphos 
phate  dispersant  be  constructed  in  a  location  where  the  winter  climate  is  moderately  severe  in 
order  to  observe  behavior  under  naturally  occurring  conditions.  In  such  a  test  section,  the  treat¬ 
ment  should  extend  over  the  entire  depth  of  frost  penetration  or  a  non-frost-susceptible  soil  should 
underlie  the  treated  base  course,  and  the  elevation  of  the  water  table  should  be  rigidly  controlled 
at  the  bottom  of  the  base  course  to  provide  relatively  easy  access  to  water.  Observations  of  frost 
heave,  moisture  migration,  and  deflections  under  load  after  thawing,  over  several  freezing  seasons, 
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in  comparison  with  observations  on  an  untreated  test  section,  should  demonstrate  the  effective¬ 
ness  and  permanence  of  treatment  in  the  field. 

It  is  recommended  that  the  emphusis  of  this  program  he  placed  on  soils  which,  except  for 
frost  susceptibility,  would  be  satisfactory  base  course  or  suhbase  materials. 
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Figure  Al.  Alternate  (reeze-thaw  tests  with  0.3%  TSPP  treatment. 
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Figure  A2.  Typical  curves  of  temperature  and  heave  data  for  specimens  CM-806,  808,  809, 

824,  829  and  836. 
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Table  AI.  Freezing  tests  on  untreated  soils  run  in  conjunction  with  freezing  tests  on  treated 
miniature  specimens  (miniature  specimens  unless  otherwise  noted)  (open  system). 
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